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I PREFACE

The fourth edition of Modern Practice of Gas Chromatography represents a num-
ber of changes from the first three editions. First, a number of new contributing
authors have been involved. These authors were chosen because of their exper-
tise and active participation in the various areas related to gas chromatography
(GC). Second, the contents of the various chapters have been changed so as
to be all-inclusive. For example, a discussion of the necessary instrumentation
has been included in chapters covering such topics as columns, detectors, fast
gas chromatography, and sample preparation. Third, separate chapters are ded-
icated to gas chromatography/mass spectrometry, sample preparation, fast gas
chromatography, optimization and computer assistance, and QA/QC validation
of gas chromatographic methods. Another change has been the elimination of
several chapters because of their adequate coverage in other texts. The editors
are satisfied that this new edition represents an all-inclusive text that may be used
for university courses as well as short courses.

No book will please everyone. Each person has certain ideas concerning what
should be covered and how much detail should be given to each topic. Coverage
of the theory and basics of GC is what we consider necessary to the beginner
for this technique and the nomenclature is that most recently recommended by
the ITUPAC Commission. The techniques and instrumentation section is greatly
detailed, and the application chapters cover topics that would be of interest to
most people utilizing the gas chromatographic technique.

The editors thank the contributing authors for their cooperation and profes-
sionalism, thus making this fourth edition a reality. A special thanks to Dr.
Nicholas H. Snow, of Seton Hall University for his contributions over and above
the professional level. Most importantly, the editors thank their wives Marjorie
and Dee for their interest, encouragement, and cooperation during these many
months of preparation. Dr. Grob especially wishes to thank his son, G. Duane
Grob for all his assistance and encouragement in the computer aspects of putting
this book together.

RogerT L. GrOB
Malvern, Pennsylvania
2004
EuGENE F. BARRY
Nashua, New Hampshire
2004

Xi






I CHAPTER ONE

Introduction

ROBERT L. GROB

Professor Emeritus of Analytical Chemistry, Villanova University, Villanova, Pennsylvania

1.1 HISTORY AND DEVELOPMENT OF CHROMATOGRAPHY
1.2 DEFINITIONS AND NOMENCLATURE

1.3 SUGGESTED READING ON GAS CHROMATOGRAPHY
1.4 COMMERCIAL INSTRUMENTATION

REFERENCES

1.1 HISTORY AND DEVELOPMENT OF CHROMATOGRAPHY

Many publications have discussed or detailed the history and development
of chromatography (1-3). Rather than duplicate these writings, we present in
Table 1.1 a chronological listing of events that we feel are the most relevant
in the development of the present state of the field. Since the various types
of chromatography (liquid, gas, paper, thin-layer, ion exchange, supercritical
fluid, and electrophoresis) have many features in common, they must all be
considered in development of the field. Although the topic of this text, gas
chromatography (GC), probably has been the most widely investigated since
the early 1970s, results of these studies have had a significant impact on the
other types of chromatography, especially modern (high-performance) liquid
chromatography (HPLC).

There will, of course, be those who believe that the list of names and events
presented in Table 1.1 is incomplete. We simply wish to show a development of
an ever-expanding field and to point out some of the important events that were
responsible for the expansion. To attempt an account of contemporary leaders of
the field could only result in disagreement with some workers, astonishment by
others, and a very long listing that would be cumbersome to correlate.

Modern Practice of Gas Chromatography, Fourth Edition. Edited by Robert L. Grob and Eugene F. Barry
ISBN 0-471-22983-0 Copyright © 2004 John Wiley & Sons, Inc.



2 INTRODUCTION

TABLE 1.1 Development of the Field of Chromatography

Year (Reference)

Scientist(s)

Comments

1834 (4)
1834 (5)

1850 (6)
1868 (7)

1878 (8)
1897-1903
O-11)
1906-1907
(12-14)
1931 (15)

1940 (16)

1940 (17)

1941 (18)

1941 (19)

1944 (20)

Runge, F. F.
Runge, F. F.

Goppelsroeder, F.

Schonbein, C.

Day, D. T.

Twsett, M.

Kuhn, R. et al.

Tiselius, A.

Wilson, J. N.

Tiselius, A.

Martin, A. J. P., and
Synge, R. L. M.

Consden, R.,
Gordon, A. H., and
Martin, A. J. P.

Used unglazed paper and/or pieces of
cloth for spot testing dye mixtures
and plant extracts

Separated salt solutions on paper

Introduced paper strip (capillary
analysis) analysis of dyes,
hydrocarbons, milk, beer, colloids,
drinking and mineral waters, plant
and animal pigments

Developed paper strip analysis of
liquid solutions

Developed ascending flow of crude
petroleum samples through column
packed with finely pulverized
fuller’s earth

Separated chloroplast pigment on
CaCOs solid phase and petroleum
ether liquid phase

Introduced liquid—solid
chromatography for separating egg
yolk xanthophylls

Earned Nobel Prize in 1948;
developed adsorption analyses and
electrophoresis

Wrote first theoretical paper on
chromatography; assumed complete
equilibration and linear sorption
isotherms; qualitatively defined
diffusion, rate of adsorption, and
isotherm nonlinearity

Developed liquid chromatography
and pointed out frontal analysis,
elution analysis, and displacement
development

Presented first model that could
describe column efficiency;
developed liquid-liquid
chromatography; received Nobel
Prize in 1952

Developed paper chromatography
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Year (Reference) Scientist(s) Comments

1946 (21) Claesson, S. Developed liquid—solid
chromatography with frontal and
displacement development
analysis; coworker A. Tiselius

1949 (22) Martin, A. J. P. Contributed to relationship between
retention and thermodynamic
equilibrium constant

1951 (23) Cremer, E. Introduced gas—solid chromatography

1952 (24) Phillips, C. S. G. Developed liquid—liquid
chromatography by frontal
technique

1952 (25) James, A. T., and Introduced gas-liquid

Martin, A. J. P. chromatography

1955 (26) Glueckauf, E. Derived first comprehensive equation
for the relationship between HEPT
and particle size, particle diffusion,
and film diffusion ion exchange

1956 (27) van Deemter, J. J., Developed rate theory by simplifying

et al. work of Lapidus and Ammundson

to Gaussian distribution function

1957 (28) Golay, M. Reported the development of open
tubular columns

1965 (29) Giddings, J. C. Reviewed and extended early theories

of chromatography

1.2 DEFINITIONS AND NOMENCLATURE

The definitions given in this section are a combination of those used widely and
those recommended by the International Union of Pure and Applied Chemistry
(IUPAC) (30). The recommended IUPAC symbol appears in parentheses if it
differs from the widely used symbol.

Adjusted Retention Time ty. The solute total elution time minus the retention time

for an unretained peak (holdup time):

fp =R — In

Adjusted Retention Volume Vy. The solute total elution volume minus the reten-
tion volume for an unretained peak (holdup volume):

Vi = Ve — Vi
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Adsorbent. An active granular solid used as the column packing or a wall coating
in gas—solid chromatography that retains sample components by adsorptive
forces.

Adsorption Chromatography. This term is synonymous with gas—solid chro-
matography.

Adsorption Column. A column used in gas—solid chromatography, consisting of
an active granular solid and a metal or glass column.

Air Peak. The air peak results from a sample component nonretained by the
column. This peak can be used to measure the time necessary for the carrier
gas to travel from the point of injection to the detector.

Absolute Temperature K. The temperature stated in terms of the Kelvin scale:

K =°C+273.15°
0°C =273.15K

Analysis Time t,.. The minimum time required for a separation:

H{ a \*(1+k)?
fe = 16R?> —
s ﬁ(a—l) k2

Area Normalization (Raw Area Normalization). The peak areas of each peak are
summed; each peak area is then expressed as a percentage of the total:

A
A1+A2+A3+A4=ZA; %A]ZZ— etc.

Area Normalization with Response Factor (ANRF). The area percentages are cor-
rected for the detector characteristics by determining response factors. This
requires preparation and analysis of standard mixtures.

Attenuator. An electrical component made up of a series of resistances that is
used to reduce the input voltage to the recorder by a particular ratio.

Band. Synonymous with zone. This is the volume occupied by the sample com-
ponent during passage and separation through the column.

Band Area. Synonymous with the peak area A: the area of peak on the chro-
matogram.

Baseline. The portion of a detector record resulting from only eluant or carrier
gas emerging from the column.

Bed Volume. Synonymous with the volume of a packed column.

Bonded Phase. A stationary phase that is covalently bonded to the support parti-
cles or to the inside wall of the column tubing. The phase may be immobilized
only by in situ polymerization (crosslinking) after coating.

Capacity Factor k(Dy,). See Mass distribution ratio. (In GSC, V5 > Vi; thus
smaller f values and k values occur.) This is a measure of the ability of the
column to retain a sample component:

IR — 1
k:R M

M
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Capillary Column. Synonymous with open tubular column (OTC). This column
has small-diameter tubing (0.25-1.0 mm i.d.) in which the inner walls are
used to support the stationary phase (liquid or solid).

Carrier Gas. Synonymous with mobile or moving phase. This is the phase that
transports the sample through the column.

Chromatogram. A plot of the detector response (which uses effluent concen-
tration or another quantity used to measure the sample component) versus
effluent volume or time.

Chromatograph (Verb). A transitive verb meaning to separate sample compo-
nents by chromatography.

Chromatograph (Noun). The specific instrument employed to carry out a chro-
matographic separation.

Chromatography. A physical method of separation of sample components in
which these components distribute themselves between two phases, one sta-
tionary and the other mobile. The stationary phase may be a solid or a liquid
supported on a solid.

Column. A metal, plastic, or glass tube packed or internally coated with the
column material through which the sample components and mobile phase
(carrier-gas) flow and in which the chromatographic separation takes place.

Column Bleed. The loss of liquid phase that coats the support or walls within
the column.

Column Efficiency N. See Theoretical plate number.

Column Material. The material in the column used to effect the separation. An
adsorbent is used in adsorption chromatography; in partition chromatography,
the material is a stationary phase distributed over an inert support or coated
on the inner walls of the column.

Column Oven. A thermostatted section of the chromatographic system containing
the column, the temperature of which can be varied over a wide range.

Column Volume V.. The total volume of column that contains the stationary
phase. [The IUPAC recommends the column dimensions be given as the inner
diameter (i.d.) and the height or length L of the column occupied by the
stationary phase under the specific chromatographic conditions.] Dimensions
should be given in meters, millimeters, feet, or centimeters.

Component. A compound in the sample mixture.

Concentration Distribution Ratio D.. The ratio of the analytical concentration
of a component in the stationary phase to its analytical concentration in the
mobile phase:

D. — Amount component/mL stationary phase  Cs

Amount component/mL mobile phase ~ Cy

Corrected Retention Time tg. The total retention time corrected for pressure gra-
dient across the column:

0 .
IR =JR
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Corrected Retention Volume Vg. The total retention volume corrected for the
pressure gradient across the column:

Ve =JjW

Cross-Sectional Area of Column. The cross-sectional area of the empty tube:

d2
Ac=rin= ZCT[

Dead Time ty;. See Holdup time.

Dead Volume V. See Holdup volume. This is the volume between the injection
point and the detection point, minus the column volume V.. This is the volume
needed to transport an unretained component through the column.

Derivatization. Components with active groups such as hydroxyl, amine, car-
boxyl, and olefin can be identified by a combination of chemical reactions
and GC. For example, the sample can be shaken with bromine water and then
chromatographed. Peaks due to olefinic compounds will have disappeared.
Similarly, potassium borohydride reacts with carbonyl compounds to form the
corresponding alcohols. Comparison of before and after chromatograms will
show that one or more peaks have vanished whereas others have appeared
somewhere else on the chromatogram. Compounds are often derivatized to
make them more volatile or less polar (e.g., by silylation, acetylation, methy-
lation) and consequently suitable for analysis by GC.

Detection. A process by which a chromatographic band is recognized.

Detector. A device that signals the presence of a component eluted from a chro-
matographic column.

Detector Linearity. The concentration range over which the detector response
is linear. Over its linear range the response factor of a detector (peak area
units per weight of sample) is constant. The linear range is characteristic of
the detector.

Detector Minimum Detectable Level (MDL). The sample level, usually given in
weight units, at which the signal-to-noise (S/N) ratio is 2.

Detector Response. The detector signal produced by the sample. It varies with
the nature of the sample.

Detector Selectivity. A selective detector responds only to certain types of com-
pound [FID, NPD, ECD, PID, etc. (see acronym definitions in Appendix B)].
The thermal conductivity detector is universal in response.

Detector Sensitivity. Detector sensitivity is the slope of the detector response for
a number of sample sizes. A detector may be sensitive to either flow or mass.

Detector Volume. The volume of carrier gas (mobile phase) required to fill the
detector at the operating temperature.

Differential Detector. This detector responds to the instantaneous difference in
composition between the column effluent and the carrier gas (mobile phase).
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Direct Injection. A term used for the introduction of samples directly onto open
tubular columns (OTCs) through a flash vaporizer without splitting (should
not be confused with on-column injection).

Discrimination Effect. This occurs with the split injection technique for capillary
columns. It refers to a problem encountered in quantification with split injec-
tion onto capillary columns in which a nonrepresentative sample goes onto
the capillary column as a result of the difference in rate of vaporization of the
components in the mixture from the needle.

Displacement Chromatography. An elution procedure in which the eluant con-
tains a compound more effectively retained than the components of the sample
under examination.

Distribution Coefficient Dy. The amount of a component in a specified amount of
stationary phase, or in an amount of stationary phase of specified surface area,
divided by the analytical concentration in the mobile phase. The distribution
coefficient in adsorption chromatography with adsorbents of unknown surface
area is expressed as

D. — Amount component/g dry stationary phase
y =

Amount component/mL mobile phase

The distribution coefficient in adsorption chromatography with well-character-
ized adsorbent of known surface area is expressed as

D Amount component/m? surface

*~ Amount component/mL mobile phase

The distribution coefficient when it is not practicable to determine the weight
of the solid phase is expressed as

D Amount component stationary phase/mL bed volume
v =

Amount component/mL. mobile phase

Distribution Constant K(Kp). The ratio of the concentration of a sample com-
ponent in a single definite form in the stationary phase to its concentration
in the mobile phase. IUPAC recommends this term rather than the partition

coefficient:

C
K="
Cg

Efficiency of Column. This is usually measured by column theoretical plate num-
ber. It relates to peak sharpness or column performance.

Effective Theoretical Plate Number Neg(N). A number relating to column per-
formance when resolution Rg is taken into account:

16R2 4\ 2
Ner= —> =162
T -2 (w)
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Effective plate number is related to theoretical plate number by

k 2
Ny =N [ ——
eff (k—i—l)

Electron-Capture Detector (ECD). A detector utilizing low-energy electrons (fur-
nished by a tritium or ®*Ni source) that ionize the carrier gas (usually argon)
and collect the free electrons produced. An electron-capturing solute will cap-
ture these electrons and cause a decrease in the detector current.

Eluant. The gas (mobile phase) used to effect a separation by elution.

Elution. The process of transporting a sample component through and out of the
column by use of the carrier gas (mobile phase).

Elution Chromatography. A chromatographic separation in which an eluant is
passed through a column during or after injection of a sample.

External Standardization Technique (EST). This method requires the preparation
of calibration standards. The standard and the sample are run as separate injec-
tions at different times. The calibrating standard contains only the materials
(components) to be analyzed. An accurately measured amount of this standard
is injected. Calculation steps for standard: (1) for each peak to be calculated,
calculate the amount of component injected from the volume injected and
the known composition of the standard; then (2) divide the peak area by the
corresponding component weight to obtain the absolute response factor (ARF):

Aj
ARF = —
Wi

Calculation Step for Sample. For each peak, divide the measured area by the
absolute response factor to obtain the absolute amount of that component
injected:

A
=W,
ARF

Filament Element. A fine tungsten or similar wire that is used as the variable-
resistance sensing element in the thermal conductivity cell chamber.

Flame Ionization Detector (FID). This detector utilizes the increased current at
a collector electrode obtained from the burning of a sample component from
the column effluent in a hydrogen and airjet flame.

Flame Photometric Detector (FPD). A flame ionization detector (utilizing a
hydrogen-rich flame) that is monitored by a photocell. It can be specific for
halogen-, sulfur-, or phosphorous-containing compounds.

Flash Vaporizer. A device used in GC where the liquid sample is introduced
into the carrier-gas stream with simultaneous evaporation and mixing with the
carrier gas prior to entering the column.

Flow Controller. A device used to regulate flow of the mobile phase through
the column.
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Flow Programming. In this procedure the rate of flow of the mobile phase is
systematically increased during a part or all of the separation of higher boil-
ing components.

Flowrate F.. The volumetric flowrate of the mobile phase, in milliliters per
minute, is measured at the column temperature and outlet pressure:

nriL

'm

F.=

Frontal Chromatography. A type of chromatographic separation in which the
sample is fed continuously onto the column.

Fronting. Asymmetry of a peak such that, relative to the baseline, the front of
the peak is less sharp than the rear portion.

Gas Chromatograph. A collective noun for those chromatographic modules of
equipment in which gas chromatographic separations can be realized.

Gas Chromatography (GC). A collective noun for those chromatographic meth-
ods in which the moving phase is a gas.

Gas—Liquid Chromatography (GLC). A chromatographic method in which the
stationary phase is a liquid distributed on an inert support or coated on the
column wall and the mobile phase is a gas. The separation occurs by the
partitioning (differences in solubilities) of the sample components between
the two phases.

Gas-Sampling Valve. A bypass injector permitting the introduction of a gaseous
sample of a given volume into a gas chromatograph.

Gas—Solid Chromatography (GSC). A chromatographic method in which the
stationary phase is an active granular solid (adsorbent). The separation is
performed by selective adsorption on an active solid.

Heartcutting. This technique utilizes a precolumn (usually packed) and a capil-
lary column. With this technique only the region of interest is transferred to
the main column; all other materials are backflushed to the vent.

Height Equivalent to an Effective Plate H.y. The number obtained by dividing
the column length by the effective plate number:

L
Negy

Heff =

Height Equivalent to a Theoretical Plate H. The number obtained by dividing
the column length by the theoretical plate number:

H = — = HETP

AUl =~

where d is the particle diameter in a packed column or the tube diameter in a
capillary column.
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Holdup Time ty;. The time necessary for the carrier gas to travel from the point
of injection to the detector. This is characteristic of the instrument, the mobile-
phase flowrate, and the column in use.

Holdup Volume V. The volume of mobile phase from the point of injection to
the point of detection. In GC it is measured at the column outlet temperature
and pressure and is a measure of the volume of carrier gas required to elute
an unretained component (including injector and detector volumes):

Vm = tmFe

Initial and Final Temperatures T and T,. This temperature range is used for a
separation in temperature-programmed chromatography.

Injection Point ty. The starting point of the chromatogram, which corresponds
to the point in time when the sample was introduced into the chromato-
graphic system.

Injection Port. Consists of a closure column on one side and a septum inlet on
the other through which the sample is introduced (through a syringe) into
the system.

Injection Temperature. The temperature of the chromatographic system at the
injection point.

Injector Volume. The volume of carrier gas (mobile phase) required to fill the
injection port of the chromatograph.

Integral Detector. This detector is dependent on the total amount of a sample
component passing through it.

Integrator. An electrical or mechanical device employed for a continuous sum-
mation of the detector output with respect to time. The result is a measure of
the area of a chromatographic peak (band).

Internal Standard. A pure compound added to a sample in known concentra-
tion for the purpose of eliminating the need to measure the sample size in
quantitative analysis and for correction of instrument variation.

Internal Standardization Technique (IST). A technique that combines the sample
and standard into one injection. A calibration mixture is prepared containing
known amounts of each component to be analyzed, plus an added compound
that is not present in the analytical sample.

Calculation steps for calibration standard:

1. For each peak, divide the measured area by the amount of that component
to obtain a response factor:

(RF) Al o
= —, etc.
1 W,

2. Divide each response factor by that of the internal standard to obtain relative
response factors (RRF):
(RF);

RRF, = RE),
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Calculation steps for sample:

1. For each peak, divide the measured area by the proper relative response
factor to obtain the corrected area:

Ay

CA), =
(CA) RRF,

2. Divide each corrected area by that of the internal standard to obtain the
amount of each component relative to the internal standard:

(CA)

(RW); = CA),

3. Multiply each relative amount by the actual amount of the internal standard
to obtain the actual amounts of each component:

RW) W; =W,
Interstitial Fraction ¢, . The interstitial volume per unit of packed column:

Vi
€ = —
X

Interstitial Velocity of Carrier Gas u. The linear velocity of the carrier gas inside
a packed column calculated as the average over the entire cross section. Under
idealized conditions it can be calculated as

u = FCSI

Interstitial Volume Vg (V). The volume occupied by the mobile phase (carrier
gas) in a packed column. This volume does not include the volumes external
to the packed section, that is, the volume of the sample injector and the volume
of the detector. In GC it corresponds to the volume that would be occupied by
the carrier gas at atmospheric pressure and zero flowrate in the packed section
of the column.

lonization Detector. A chromatographic detector in which the sample
measurement is derived from the current produced by the ionization of sample
molecules. This ionization may be induced by thermal, radioactive, or other
excitation sources.

Isothermal Mode. A condition wherein the column oven is maintained at a con-
stant temperature during the separation process.

Katharometer. This term is synonymous with the term thermal conductivity cell,
it is sometimes spelled “catharometer.”
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Linear Flowrate F.. The volumetric flowrate of the carrier gas (mobile phase)
measured at column outlet and corrected to column temperature; and F, is
volumetric flowrate measured at column outlet and ambient temperature:

T.\ P, — P,
Fo=F (=)=~
T, P,

where T, is column temperature (K), 7, is ambient temperature (K), P, is
ambient pressure, and Py, is partial pressure of water at ambient temperature.

Linear Velocity u. The linear flowrate F¢, divided by the cross-sectional area of
the column tubing available to the mobile phase:

where A, is the cross-sectional area of the column tubing, 7. is the tubing
radius, and 7 is a constant. The equation given above is applicable for cap-
illary columns but not for packed columns; for packed columns, the equation
becomes

Fe

grlm

Thus, one must account for the interstitial fraction of the packed column.

Liquid Phase. Synonymous with stationary phase or liquid substrate. It is a rel-
atively nonvolatile liquid (at operating conditions) that is either sorbed on the
solid support or coated on the walls of OTCs, where it acts as a solvent for
the sample. The separation results from differences in solubility of the various
sample components.

Liquid Substrate. Synonymous with stationary phase.

Marker. A reference component that is chromatographed with the sample to
aid in the measurement of holdup time or volume for the identification of
sample components.

Mass Distribution Ratio k(Dy,). The fraction (1 — R) of a component in the
stationary phase divided by the fraction R in the mobile phase. The ITUPAC
recommends this term in preference to capacity factor k:

1-R K CLV,
k(D) = —— = — = =

WL
= =K[{—
R B CeVs Vo
Mean Interstitial Velocity of Carrier Gas u. The interstitial velocity of the carrier
gas multiplied by the pressure-gradient correction factor:

Fej
€1

u=

Mobile Phase. Synonymous with carrier gas or gas phase.



Sorbates, groupings of, 608—609
Sorbent-based microextractions, 574—587
Sorption—desorption kinetics, 610
Sorption traps, 245
Soxhlet extraction, 555, 852, 865
of semivolatile organic compounds,
802-803
Span of the recorder, 17
Specialty columns, 165-167
Specific adsorbents
with electron densities on the surface,
609
with positive surface charges, 609
Specificity, 976
Specific retention volume, 17
Specific surface area, 17, 611-612, 613
Spectral acquisition rates, 248
Spectral continuity, 248—-249
Spectral deconvolution algorithm, 250
Spectral libraries, 419
Speed enhancement factor (SEF), 393
Spiking, 288
Split and Splitless Injection in Capillary
Gas Chromatography, 463
Split injection (OTC), 17, 346, 470, 471
Split inlets, 463, 464, 470-477
Splitless injection (OTC), 17, 346, 829
Splitless inlets, 464—-465, 477483, 582
optimization of, 482—483
Split ratio, 471, 476—477
Splitter, 17
Splitting, discrimination and linearity of,
477
SPME Applications Guide (Supelco), 584
Stability constants, 628
Stable heavy isotopes, 361
Stainless-steel columns, 110
Stainless-steel tubing, 516
Standard addition technique, 978
calibration for, 571-572
Standard deviation (SD), 978
Standard Guide for Validation of
Laboratory Information Management
Systems, 983
Standardization, 431-452. See also
Standards
errors associated with, 451-452
external, 432—-446
internal, 449-451

INDEX 1041

summary of, 451-452
Standard mixtures, laboratory preparation
of, 436
Standard operating procedures (SOPs),
975-986
preparation and revision of, 975
Standards. See also Standardization
“certified,” 435
drug analysis, 904
Standard temperature and pressure (STP),
612
Statement of Work for Organic Analysis,
776
Static gas standards, 435-438
Static headspace, 563
Static headspace analysis, 563
Static headspace extraction (SHE),
563-568
efficiency optimization for, 566—-568
Static headspace gas chromatography,
quantitative techniques in, 568—-572
Static headspace procedure, 924-927
Static headspace sampling (SHS),
787-790, 938-939
Static mode, 593
Static purge, 528
Static SPME, 584
Static supercritical-fluid extraction,
591-593
Stationary liquid phases, 320
Stationary-phase bleed, 323
Stationary-phase-coated fused-silica fiber,
574
Stationary-phase concentration, column
temperature and, 105
Stationary-phase film, chemically bonding,
160-162
Stationary-phase fraction, 18
Stationary-phase immobilization, chemical
bonding approach to, 161
Stationary-phase polarity, McReynolds
constants and, 153
Stationary phases, 18, 85-105, 619-620,
636
commonly used, 91-93
consolidation of, 94
crosslinking of, 156—160
designer, 259
development of, 256
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Stationary phases (Continued)
film thickness of, 140—141
McReynolds classification of, 89—-94
mixed, 257-259
recommended, 181
for selected applications, 181
solvent evaporation and, 106
types of, 152
Stationary-phase selection, 86
for capillary gas chromatography,
148-180
Stationary-phase selectivity, change in,
198
Stationary-phase viscosity, 149
Stationary-phase volume, 18
Statistical process control, 983—-985
Steam cracker, effluent analysis of, 710
Steam cracking, 708, 718
Sterchmal, 73
Steroid conjugates, 765
Steroids, 763-766
anabolic, 900-903
dosage forms of, 902
gas chromatographic analysis of,
765-766
Stimulants, analysis of, 894—895
Stirbar sorptive extraction (SBSE), 574,
584-586
Stock standards, 868
Styrene—butadiene rubber (SBR), 717
Subatmospheric sampling, 859
Subtractive chromatographic analysis, 690
Subtractive-precolumn chromatographic
operations, 415-416
Sulfur, GPC cleanup of, 817
Sulfur chemiluminescence detector (SCD),
329
Sulfur compounds, 326, 697-701
Sulfur detection mode, 332
SUMMA canisters, 853
VOC determination using, 858—864
Supercritical-fluid chromatography (SFC),
589
Supercritical-fluid extraction (SFE),
588-593, 875
analytical-scale, 808—809
dynamic versus static, 591-593
of semivolatile organic compounds,
806-810

Supercritical fluids (SFs), 588—589
physical parameters of, 807
Superox-4, 154, 156
Supersonic molecular beam (SMB)
interface, 393
Supported liquid membrane extraction
(SLME), 594
Supports. See also SCOT (support-coated
open tubular) column; Solid supports
Chromosorb, 76
diatomaceous earth, 77
diatomite, 73-79
Teflon, 79
USP designations of, 83
Surface acoustic wave (SAW) devices,
247, 248
Surface area, 18. See also Specific surface
area
gas chromatographic determination of,
612-617
Surface ionization (SI) techniques,
394-395
Surface stationary-phase compatibility,
123
Surface thermodynamics, 617-622
Surrogate standards (SSs), 872
Sweat, analysis of, 921
Switchover manifold system, automatic,
536
Sympathomimetic drugs, 743
Synthetic crude oil, 663-666
Syringe injection, 453-456
Syringe needles, stainless-steel, 483
Syringe readings, 454
Syringes, 467
motor-driven, 439
System errors, gas chromatographic,
457-458
System models, 219-220
System performance check compounds
(SPCCs), 867

Tailing, 18
Tandem capillary columns
pulse flow modulation with, 263-267s
tunable/programmable selectivity with,
259-263
Tapered restrictor, 591
Target compound chromatograms (TCCs),
942



TCD cell geometry, 291, 293
Teeth, analysis of, 956
Teflon supports, 79
Teflon tapes, 521
Teflon tubing, 106, 517
Temperature. See also Analysis
temperature; Isothermal entries;
Thermal entries
absolute, 4
effect on carrier-gas viscosity, 137
influence on retention time, 423
solubility and, 808
Temperature control, in pyrolysis gas
chromatography, 39
Temperature problems, gas
chromatography/mass spectrometry,
347
Temperature-programmed elution,
223-226
Temperature-programmed separation,
high-speed, 266

Temperature programming, 18, 214-218.

See also Programmed-temperature
entries
bleed profile and, 176
high-speed, 231, 232, 250-255
versus isothermal operation, 182—183
viscosity effects during, 496—-497
Temperature-programming profiles, types
of, 183-185
Temperature programming ramp profiles,
143
Temperature-programming rates, 251
Temperature setting, splitless inlet, 481
Tenax GC, 941
Tenax trap, 826
Tenax tubes, 856
tert-amyl methyl ether (TAME), 702
Tertiary butyl alcohol (TBA), 782, 827
Test Methods for Evaluating Solid Waste,
Physical/Chemical Methods, 775
Testing, standardized, 645
Test mixture components, 127
Tetraethyl lead (TEL), 853
Tetrahydrocannabinol (THC), 898, 919
Theoretical plate number, 18, 97-98
Theoretical plates, 45, 47
Theoretical plates per unit time, 98
Theoretical segments (TSs), 47

INDEX 1043
Thermal conductivity, 18, 289
parameters involved in, 290
Thermal conductivity detection, 245-246
Thermal conductivity detector (TCD), 18,
286, 289-298. See also TCD cell
geometry
design of, 293-297
electrical requirements for, 295
heat transfer effects with, 293
operation of, 289-293
performance of, 297-298
practical considerations concerning, 298
Thermal control, FID, 301-302
Thermal cracking, 708
Thermal decomposition, 458
Thermal degradation, 38
Thermal desorption, 577, 598-599, 941
Thermal energy analyzers (TEAs), 835,
947-948
Thermal modulators, phase-coated,
243-245
Thermal performance variables, 180
Thermal radiation, 292
Thermionic detector (TID), 315-320
development of, 316
operation of, 316—320
performance characteristics of, 320
Thermionic specific detector (TSD),
699-701, 948
Thermistor bead element, 18
Thermistors, 295
Thermochemistry, 367
Thermodynamic equilibrium constant, 551
Thermodynamics
solution, 622—-625
surface, 617-622
Thermolysis, 634
Thermospray liquid-liquid extractor
(TSLLE), 810
Thick-film columns, 140-141
Thin-film columns, 233
Thin-layer chromatography (TLC), 953
Time-of-flight (TOF) analyzers, 351-352
Time-of-flight mass spectrometers
(TOFMSs), 247-250, 392, 876
Tissues, drug analysis in, 909-921
TOF mass filter, 352
Toluene, analysis of, 718—719
Tools, maintenance of, 468
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TO series methods, 854, 857, 858
Total-ion chromatogram (TIC), 142,
819-820, 830, 832-833, 908, 909
Total-ion current (TIC) chromatograms,
343, 348, 355-356, 375, 376
Total organic carbon (TOC), 778
Total petroleum hydrocarbon (TPH), 836
Total-volume syringe, 455
Toxicity equivalent concentration (TEC),
839-840
Toxicological drug screening, 911
Toxicology Laboratory Guidelines, 927
Toxic organic compounds, determination
of, 854-855
Toxic volatiles, 922
Trace evidence, gas chromatographic
analysis of, 928-957
Trace quantitative analysis, 474—475
Training, of personnel, 975
Trapped compounds, 242
Traps, types of, 420-421
Trennzahl (TZ), 18, 101, 127, 253
Triamcinolone acetonide (TAA),
determination of, 388
Triangulation, 426
Tricyclic antidepressants, 749—751
gas chromatographic analysis of,
750-751
Trifluoropropylmethylpolysiloxane, 157
Trihalomethane detection, 394
Trimethylsilyl (TMS) ethers, 347
Trimethylsilyl group, 345
“Trip blank,” 856
1,2,3-tris(2-cyanoethoxy) propane (TCEP),
415
Tritium, as a radiation source, 307
True adsorbent volume, 19
Tube Fitter’s Manual, 524
Tube furnace, 634
Tubing, 515-523. See also Copper tubing
cleaning, 517-518
column, 67-68
cutting, reaming, and bending, 518-520
pretreatment of, 121-126
securing, 524
types of, 515-517
Tubing cutter, 518
Tubing materials, 106—107

Tunable/programmable selectivity, with
tandem capillary columns, 259-263

Turbulent flow, 59

Two-column chromatographic operations,
415

Two-dimensional gas chromatography,
391-392

Two-gas chromatographic system
configurations, 537-538

Two-gas chromatographs, installing,
533-539

Two-stage regulators, 512-513

depressurizing, 514
Tyler screens, 77

Ultrasonic detector, 333-335

Ultrasonic extraction, of semivolatile
organic compounds, 803-804

Unconventional samples, analysis of,
920-921

United States Environmental Protection
Agency (USEPA). See
Environmental Protection Agency
(EPA)

United States Pharmacopoeia (USP), 83,
975

Universal detector, 286

Universal Oil Products (UOP) method,
674-675

Unknown peaks, identifying, 39-40

Unretained peak time, 221

Unsaturated aromatic hydrocarbons, 608

Unzipping, 595

Utilization of theoretical efficiency (UTE),
147-148, 199, 201

UV lamp, 322

Vacuum-coupled replaceable (VCR)
connections, 516
Vacuum distillation technique, 810—811
Vacuum-outlet gas chromatography, 237
Valves
gas management system, 520-521
high-speed GC, 239-242
pressure-relief, 520
van Deemter equation, 19, 53, 55
modifications of, 57-58, 102
versus Golay equation, 130-132
van Deemter plots, 55
carrier gas selection using, 494—-496



